Reservoir pressure parameters [e.g. reservoir pressure (RP) and excess pressure (XSP)] are biomarkers derived from blood pressure (BP) waveforms that have been shown to predict cardiovascular events independent of conventional cardiovascular risk markers. However, whether RP and XSP can be derived non-invasively from operator-independent cuff device measured brachial or central BP waveforms has never been examined. This study sought to achieve this by comparison of cuff reservoir pressure parameters with intra-aortic reservoir pressure parameters. 162 participants (aged 61±10 years, 72% male) undergoing coronary angiography had the simultaneous measurement of cuff BP waveforms (via SphygmoCor XCEL, AtCor Medical) and intra-aortic BP waveforms (via fluid-filled catheter).
Introduction
High blood pressure (BP) is the leading contributor to the global burden of disease.
1 Many investigators have proposed that useful clinical biomarkers may be derived from analysis of arterial BP waveforms. 2 One such construct is the reservoir-excess pressure model in which the arterial BP waveform is theorized to represent the sum of a reservoir pressure (RP, determined by global systemic compliance and resistance) and an excess pressure (XSP, related to local wave travel). 3 Reservoir pressure parameters (RP, XSP and the associated systolic rate constant) derived from non-invasively acquired BP waveforms (e.g. via carotid or radial tonometry) predict cardiovascular events independent of conventional cardiovascular risk factors. [4] [5] [6] However, these modes of BP waveform acquisition are technically challenging, which limits widespread application of non-invasively derived reservoir pressure parameters.
Technological advancements now allow recording of brachial BP waveforms and estimation of central BP usinga standard operator-independent, oscillometric BP cuff method that enables the analysis of brachial and central reservoir pressure parameters. Altogether, the cuff approach could be useful for more widespread measurement of reservoir pressure parameters, but it has not been tested before. Therefore, this study aimed to determine whether reservoir pressure parameters could be derived non-invasively from cuff acquired brachial or central BP waveforms. We sought to achieve this by comparison of reservoir pressure parameters derived non-invasively from cuff measured brachial and central BP waveforms with invasively recorded aortic reservoir pressure parameters.
Methods
Participants. 239 patients scheduled for diagnostic coronary angiography at the Royal Hobart Hospital (Hobart, Australia) were screened for participation in this study. Exclusion criteria included participants with atrial fibrillation, aortic stenosis, or waveform data of insufficient quality. Complete data from 162 participants were included for the analysis of brachial-cuff measurement, and 151 participants for the analysis of central-cuff measurement. The description of participant flow and quality control is provided in figure 1. The study was approved by the University of Tasmania Human Research Ethics Committee, allparticipants provided written consent, and all research was carried out in accordance with the Declaration of Helsinki.
Protocol. Patients were prepared for coronary angiography in accordance with standard clinical care. All study measurements were obtained in the supine position under stable haemodynamic conditions and prior to the clinical procedure. The brachial-cuff waveforms were measured via an oscillometric BP device, simultaneously with intra-aortic BP waveforms that were continuously recorded at the ascending aorta via a fluid-filled catheter. The central BP waveforms were estimated from the cuff device measured brachial BP waveforms via a generalised transfer function (GTF), thus, central-cuff BP waveforms were simultaneously acquired to the recording of intra-aortic BP waveforms. The non-invasive cuff and intra-aortic BP waveform measurements were performed in duplicate on the majority of participants (i.e. 73%), with the remaining only having one recording. The total time to complete each study was approximately three minutes. Reservoir pressure parameters were derived from the measured BP waveforms, and brachial-cuff and central-cuff reservoir pressure parameters were respectively compared with intra-aortic reservoir pressure parameters. Quality control measures conducted on BP waveforms were: 1) inconsistent intra-aortic BP waveforms caused by the issues that arose during the procedure, such as participant or catheter was unexpectedly moved, were excluded; 2) non-invasive cuff BP waveforms having P∞> diastolic BP were excluded as this is the result of an artefact of ensemble averaging BP waveforms without time gating, and is non-physiological. These brachial-cuff and central-cuff BP waveforms were used to derive reservoir pressure parameters using a customised algorithm.
Intra-aortic BP waveform measurement. Intra-aortic BP waveforms were acquired using brachial-cuff BP waveform acquisition) were extracted and calibrated offline using a 2-point method to convert units of measurement from Volts to mmHg as previously described. 9 The calibrated BP waveforms were ensemble averaged to derive reservoir pressure parameters. The dynamic response (frequency and damping) of the fluid-filled system was assessed by performing 'pop' tests, and confirmed in the appropriate range as outlined by Gardner 10 (frequency>18 Hz and damping coefficient>0.3).
Derivation of reservoir pressure parameters. The customised Matlab program to derive
reservoir pressure parameters has previously been described. 9 RP was calculated using the pressure-only approach as per equation 1.
Equation 1. Calculation of reservoir pressure.
XSP wascalculated by subtracting RP from total pressure. The systolic and diastolic rate constants of the system are A and B respectively, and represent the rate constants relating to the speed of upstroke and downstroke of the BP waveform. 5 P is measured total pressure, is reservoir pressure, and P∞ is the arterial asymptotic pressure. Figure 2 represents a BP waveform with example reservoir pressure components.
Statistical analysis. All data were analysed using SPSS (version 22.0; SPSS Inc., Chicago, IL).
Concordance between non-invasive cuff and intra-aortic reservoir pressure parameters was assessed based on: 1) consistency determined by intra-class correlation coefficients (ICC) using a single rater measurement, consistency, 2-way mixed-effects model; 2) mean difference tested by paired T-test, and; 3) variability in mean differences examined by Bland-Altman. The strength of consistency between measurements was defined from ICC and 95% confidence intervals (95%CI) as: <0.50 poor; 0.50 to 0.75 moderate; 0.75 to 0.90 good; and 0.90 to 1.0 excellent, according to Koo and Li. 11 Systematic bias was assessed from within Bland-Altman plots by Pearson correlation and the Z-statistic. p<0.05 was considered statistically significant.
Results.
Clinical characteristics. Participants were predominantly male and middle-to-older aged, with a high prevalence of a history of high BP and currently taking antihypertensive medications (table 1) . Kidney function (as determined from estimated glomerular filtration rate) was slightly reduced on average and almost two thirds of participants had a significant stenosis in one or more coronary artery.
Comparison between brachial-cuff and intra-aortic reservoir pressure parameters. There was a small difference between brachial-cuff and intra-aortic systolic BP (128±16 mmHg vs 126 ±19 mmHg, p=0.17), whereas brachial-cuff diastolic BP was significantly higher than intra-aortic diastolic BP (73±9 mmHg vs 65±10 mmHg, p<0.001). Figure 3 shows example waveforms to illustrate the difference of reservoir pressure parameters derived from brachialcuff and intra-aortic BP waveforms. Table 2A presents the comparisons between brachial-cuff and intra-aortic reservoir pressure parameters. There was moderate-to-good consistency for RP peak, but with significant mean difference and systematic bias indicating a trend for greater underestimation of intra-aortic RP peak by brachial-cuff measurement at higher RPpeak (figure 4A and 4B). Similarly, for the RP integral, there was moderate consistency, a significant mean difference, and systematic bias for greater underestimation with increasing values (r=-0.69, p<0.001). For XSP peak, there was poor-to-moderate consistency and a significant overestimation without evidence of systemic bias ( figure 4C and 4D ). There were similar findings for XSP integral. For the systolic and diastolic rate constants, there was poorto-moderate and poor consistency, respectively. There was significant mean difference and evidence of systematic bias for both rate constants (systolic r=0.51 and diastolic r=0.54,
p<0.001 both).
Comparison between central-cuff and intra-aortic reservoir pressure parameters. Central-cuff systolic BP was significantly lower than intra-aortic systolic BP (116 ±14 mmHg vs 125±18mmHg, p<0.001). Conversely, central-cuff diastolic BP was higher than intra-aortic diastolic BP (74±10 mmHg vs 65±10 mmHg, p<0.001). Figure 3 shows example waveforms to illustrate the difference of reservoir pressure parameters derived from centralcuff and intra-aortic BP waveforms. Table 2B presents the comparisons between central-cuff and intra-aortic reservoir pressure parameters. There was moderate-to-good consistency for RP peak, but with significant mean difference and systematic bias indicating a trend for greater underestimation of intra-aortic RP peak by central-cuff measurement at higher RP peak ( figure   5A and 5B). Similarly, for the RP integral, there was moderate consistency and a significant mean difference with systematic bias for greater underestimation as RP integral increases (r=-0.64, p<0.001). However, for XSP peak, XSP integral, systolic rate constant and diastolic rate constant, the consistencies were poor, and mean differences were significant with evidences of systemic bias (r=-0.81 for XSP peak, figure 5C and 5D; r=-0.82 for XSP integral; r=-0.30 for systolic rate constant; and r=-0.29 for diastolic rate constant, respectively; and all p<0.001).
Discussion.
In this study, we demonstrate that it is practically feasible to derive some reservoir pressure parameters from non-invasively acquired cuff BP waveforms, albeit with variable reliability when compared with intra-aortic reservoir pressure parameters. Intra-aortic RP was reasonably measured from the cuff-based device measured brachial and central BP waveforms, whereas the brachial-cuff method more reliably estimated intra-aortic XSP than the central-cuff method.
Neither of the two cuff waveforms were acceptable in terms of generating accurate estimation of the systolic and diastolic rate constants. These findings imply that the brachial-cuff method may be more applicable in future work to determine the clinical importance of RP and XSP when compared with the central-cuff method, but also indicate the need for further refinement of the cuff technique.
The reservoir-excess pressure model of arterial hemodynamics was first applied to invasive BP waveforms in animal models, and was conceived to circumvent conceptual limitations with wave only models of the arterial system. 2, 12, 13 More importantly, the approach has been applied to clinical populations on BP waveforms captured non-invasively outside of the aorta (including the carotid and radial arteries) via tonometry, and consistently shown that reservoir pressure parameters (e.g. RP, XSP, systolic rate constant) have prognostic value beyond standard BP and other cardiovascular risk factors. [4] [5] [6] 14 The value of this current study is the demonstration that it is technically feasible to use a cuff-based method to derive reservoir pressure parameters. The cuff technique is user-friendly and non-operator dependent, thus
should have improved ease of use (compared with tonometry or invasive methods) and has the possibility for assessment over 24 hours. However, significant improvement in the estimation of reservoir pressure parameters using the cuff device is needed as waveform data from 18% of available participants were excluded due to the non-physiological P∞> diastolic BP (and this was experienced under resting conditions, let alone whilst ambulatory where greater errors would be expected). Furthermore, from the available data, the rate constants of reservoir pressure parameters could not be accurately reproduced using the non-invasive cuff methods applied in this study. This is likely to have arisen from the recording of the brachial-cuff volumetric waveforms at sub-diastolic BP, which dampens waveform features, but is a problem that might be resolvable with waveform capture at higher inflation pressures. 15 Issues of systematic bias (figures 4 and 5) also need to be corrected so that the method has accuracy and applicability across a broad range of BP. Importantly, it is still yet to be determined if cuffderived measurements of reservoir pressure parameters have clinical value in the assessment of cardiovascular risk compared to BP methods already available. Accordingly, the next steps will be to determine the independent association of cuff-derived reservoir pressure parameters with clinical indicators of arterial disease.
We expected good concordance between non-invasive cuff and intra-aortic RP because RP is relatively constant from central to peripheral human large arteries. 16, 17 In fact, we observed moderate-to-good concordance of non-invasive cuff RP with intra-aortic RP (both brachialcuff and central-cuff measurements, and both RP peak and RP integral assessments), but with cuff underestimation. A major factor likely contributing to this variation between non-invasive cuff and intra-aortic RP values is the volumetric technique related to measurement of the cuff BP waveform, rather than internal inconsistencies with the reservoir-excess pressure model itself. Volume displacement waveforms captured in the lower pressure range (10 mmHg lower than the diastolic BP) provide a relatively featureless signal by comparison to intra-aortic BP waveforms. The observed RP underestimation is also likely attributable to the calibration of brachial volumetric waveforms, which probably introduced an error of underestimated systolic BP, but overestimated diastolic BP. 18 Moreover, we found a trend towards greater underestimation of intra-aortic RP at higher RP values in both brachial-cuff and central-cuff measurements. This trend might be related to greater underestimation of brachial systolic BP as systolic BP increases using the XCEL device, 19 which is common for oscillometric devices.
20, 21
On the other hand, compared with intra-aortic XSP, brachial-cuff XSP was higher, but centralcuff XSP was lower. The higher brachial-cuff XSP and lower central-cuff XSP are concordant with the findings of our recent invasive study that XSP is amplified in peripheral arteries compared with the aorta. 16, 17 We think there are two major reasons for the brachial-cuff overestimation. Firstly, even though inaccurate calibration by cuff oscillometry (mentioned above) would reduce the overall amplitude of the brachial-cuff BP waveform compared with invasive BP waveform, maintenance of higher XSP values (both peak and integral) suggests that the shape of the systolic portion of the waveform was reasonably well maintained, as XSP is predominantly determined by wave travel in systole. 2 Secondly, we have previously demonstrated that XSP undergoes significant amplification from the aorta to the brachial (and radial) artery in parallel with the increase in systolic BP. 17 Therefore, even though the reference (invasive) brachial XSP would have been underestimated by the cuff waveform approach, it was reasonably concordant with the intra-aortic XSP because this variable is significantly lower than intra-brachial XSP. These observations may help to explain the strong associations between XSP derived from the radial artery and target organ damage, 4, [22] [23] [24] i.e. because this brachial-cuff approach is a reasonable estimate of the aortic XSP.
On the contrary, central-cuff XSP significantly underestimated the intra-aortic XSP, Study strengths include the large sample size for an invasive study and employment of high grade standardized intra-arterial procedures designed to minimize potential sources of error. 25 However, study participants were undergoing diagnostic coronary angiography and most had at least one comorbidity or evidence of coronary artery disease, thus, results may not be generalizable to healthy populations. Secondly, even though we followed guideline best practice for intra-aortic BP waveform recordings, it would have been optimal to use solid state catheters rather than the fluid-filled catheter system. Another possible limitation was derivation of reservoir pressure parameters based on the pressure-only equation, which does not take into account variations in local blood flow. Nevertheless, the pressure-only approach demonstrates equivalence to the pressure-flow method. 26 We conclude that RP can be derived non-invasively from the brachial and central BP waveforms measured using the clinically convenient cuff device with reasonable concordance to intra-aortic measures, whereas XSP can only be acceptably derived from the brachial BP waveforms. There are some methodological considerations relating to the quality of BP waveform acquisition that limit the accuracy of non-invasive cuff measured reservoir pressure parameters by comparison to intra-aortic measures, and this is an area for future refinement of the method. The cuff-based approach to measuring reservoir pressure parameters is userfriendly and operator-independent, which should enable more widespread application of brachial-cuff RP and XSP to determine the clinical significance of reservoir pressure.
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A history of high blood pressure (BP) was determined from the participant's medical records. Significant stenosis was defined by ≥ 50% occlusion. eGFR, estimated glomerular filtration rate.
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